We report on our recent calculation for the off-shell ttγ process and its potential for precision measurements by constructing ratios of total and differential cross sections. Precise theoretical predictions for these ratios can help to constrain new physics contributions in the top-quark sector of the Standard Model.
Introduction
Top quarks are abundantly produced in pairs via strong interactions at the Large Hadron Collider (LHC) and are subject of precision measurements. Besides the dominant top-quark pair production process the LHC, running at a center-of-mass energy of √ s = 13 TeV, offers the possibility to investigate also rare top-quark processes such as single top-quark production or associated top-quark pair production with additional bosons. In Fig. 1 the cross section measurements of various production channels are summarized. In particular the detailed study of top-quark pair production in association with a hard photon opens up a new window for precision measurements of top-quark properties such as the top-quark electric charge, its electroweak dipole moments 2 or the top-quark charge asymmetry 3 . Due to the rich phenomenology of the ttγ final state this process has received a lot of attention in recent years. For on-shell top-quarks the NLO QCD corrections were computed first in Refs. 4, 5, 6 , while electroweak corrections became available 7 only recently. For on-shell tops also the matching to parton showers has been achieved via the POWHEG method 8 . At fixed-order in NLO also the corrections to the top-quark decay have been incorporated via the Narrow-width-approximation 9 and only recently the full off-shell calculation in the dileptonic decay channel has been presented in Refs. 10, 11 . On the experimental side also strong efforts are being made to isolate the ttγ process. Already in 2011, the first evidence had been reported by the CDF Collaboration 12 at the TeVatron. Afterwards, studies were continued at the LHC and the first observation at √ s = 7 TeV has been made 13 with subsequent analyses performed at √ s = 8 TeV 14,15 and √ s = 13 TeV 16 .
In this proceeding we are discussing the recent results 11 for precise cross section ratios for top-quark pair production in association with a photon in the fiducial phase space volume
From the experimental point of view these cross section ratios offer a possibility to reduce the impact of systematic uncertainties since they can cancel between the numerator and denominator. However, for theoretical predictions these cancellations are not guaranteed. For example, the dependence on the unphysical renormalisation and factorisation scales is expected to decrease only if the processes involved in the ratio are highly correlated. In Fig. 2 we show an example for . a correlated and an uncorrelated process. On the left plot the shape comparison of tt and ttγ is shown for the observable ∆R bb . We observe that the shape agrees well even for high transverse momentum cuts on the additional hard photon. Therefore, we can conclude that tt and ttγ are indeed correlated and should receive similar QCD corrections. A more thorough comparison can be found in Ref. 11 . On the other hand, we present also a comparison from Ref. 17 where the correlations between ttbb and ttjj were investigated. Here we observe large differences in the differential distributions and therefore these processes can not be treated as correlated and a cancellation of the scale dependence can not be expected.
Cross section ratios
The calculation is performed using the HELAC-NLO framework 18 that consists out of HELAC-1Loop 19 and HELAC-Dipoles 20,21 . The matrix elements are based on the complete final state e + ν e µ −ν µ bbγ including all resonant and non-resonant contributions as well as off-shell and interference effects. Results are stored as ROOT Ntuple event files, where additional information is kept, such that a reweighting to different scales or PDFs can easily be accomplished 22 . The framework has been previously used to obtain results for various off-shell top-quark processes 23, 24, 25, 26, 27 . Further details on input parameters and selection cuts can be found in Refs. 10, 11 .
We study cross section ratios for pp → e + ν e µ −ν µ bbγ with respect to pp → e + ν e µ −ν µ bb at the LHC at a center-of-mass energy of √ s = 13 TeV. The ratio of the fiducial cross sections R are found to be 
The resulting theoretical uncertainty stemming from the scale variation amounts to roughly 2 − 3%, which is smaller than the individual cross section uncertainties. Thus a partial cancellation of the scale variation can be observed. However, the uncertainties related to the scale choice still dominate over the PDF uncertainties. The dramatic reduction of the scale variation can also be observed in differential cross section ratios. leptons and the invariant mass of the two b-jets. The upper panel shows the absolute predictions for ttγ, while the lower panels show the correlated and uncorrelated ratios. For both observables we notice that the dynamical scale yields a smaller scale variation for the absolute predictions as compared to the fixed scale choice. For example, in the case of ∆φ a reduction of the uncertainty by more than a factor of 2 can be observed at the end of the spectrum. Considering the differential ratios in the bottom panels we see that the correlated ratio, i.e. the same scale is used in the numerator and denominator, the ratio can be stabilised with a residual uncertainty of the order of 3%. On the other hand, if an uncorrelated scale choice has been made, the ratio yields a much larger uncertainties as before. Even for hadronic observables such as the invariant mass of the b-jets, the ratio becomes very precise, as can be seen on the right plot of Fig. 3 . Also here the same scale choice for the tt and ttγ yields the smallest residual scale uncertainties.
We have investigated the potential precision of cross section ratios for ttγ and tt in the dileptonic decay channel including NLO QCD corrections. Due to the similarity of the processes a correlated scale choice reduces significantly the residual theoretical uncertainties. However, uncertainties stemming from scale variations are still the dominant source. The obtained (differential) cross section ratios can be used to constrain new physics contributions or to probe the top-quark interaction with the photon with high precision.
